Fire blight is a devastating plant disease caused by the bacterium Erwinia amylovora, and its control is frequently based on the use of copper-based compounds whose mechanisms of action are not well known. Consequently, in this article, we investigate the response of E. amylovora to copper shock by a whole-genome microarray approach. Transcriptional analyses showed that, in the presence of copper, 23 genes were increased in expression; these genes were classified mainly into the transport and stress functional categories. Among them, the copA gene was strongly induced and regulated in a finely tuned manner by copper. Mutation of copA, soxS, arcB, yjcE, ygcF, yhhQ, galF and EAM_3469 genes revealed that tolerance to copper in E. amylovora can be achieved by complex physiological mechanisms, including: (i) the control of copper homeostasis through, at least, the extrusion of Cu(I) by a P-type ATPase efflux pump CopA; and (ii) the overcoming of copper toxicity caused by oxidative stress by the expression of several reactive oxygen species (ROS)-related genes, including the two major transcriptional factors SoxS and ArcB. Furthermore, complementation analyses demonstrated the important role of copA for copper tolerance in E. amylovora, not only in vitro, but also in inoculated pear shoots.
INTRODUCTION
Erwinia amylovora (Ea) is the causal agent of fire blight, a destructive disease of pome fruits and many ornamental plants of the Rosaceae family, causing significant economic losses around the globe (Vanneste, 2000) . In agricultural systems, copper-based compounds are one of the most common chemicals used to control this devastating disease, and are of particular significance in countries in which antibiotic use for fire blight management is not allowed.
Copper is a crucial trace element for bacterial growth, but becomes toxic when intracellular levels exceed a threshold concentration. Copper homeostasis in bacteria is achieved by the export of copper across the plasma membrane into the periplasmic space, sequestration within the cytoplasm or periplasm by copper-binding proteins or oxidation to generate the less toxic Cu 21 ion (Nies and Herzberg, 2013) . A recent study using a phylogenomic approach has revealed that Ea and two other species of the genus (E. pyrifoliae and E. tasmaniensis) contain several genes related to copper homeostasis, including copA, an inner membrane pump to extrude copper (Cu
1
) from the cytoplasm to the periplasm, which usually works with an external membrane pump to export copper from the periplasm to the extracellular matrix (CusC) (Hern andez- Montes et al., 2012) . Thus, the pathogen can regulate the internal copper concentration to allow sufficient metal to be available for protein assembly and function, but to keep it below a damage induction threshold (Rae et al., 1999) . Bacterial determinants of copper homeostasis include CueR-like regulatory proteins, Cu 1 -exporting ATPases and Cu 1 chaperones that are involved in cytoplasmic Cu 1 trafficking (Arguello et al., 2013) . In addition to the maintenance of copper homeostasis, bacteria need to avoid copper toxicity, caused by the ability of copper to accept and donate an electron as it cycles between the more toxic Cu 1 and the less toxic Cu 21 oxidation state. Under aerobic conditions, this redox property enables copper to catalyse the production of hydroxyl radicals via the Fenton and Haber-Weiss reactions, resulting in damage to lipids, proteins and nucleic acids through the production of reactive oxygen species (ROS) (Liochev and Fridovich, 2002) . A second mechanism of copper toxicity is the disruption of protein structure, which is particularly damaging to iron-sulfur cluster proteins because of the high propensity of sulfur to form thiolate bonds with Cu 1 (Keyer and Imlay, 1996; Macomber and Imlay, 2009) . Copper resistance determinants enable the avoidance of copper toxicity, usually through the binding of excess copper ions in the periplasm. These genetic systems are distinct from copper homeostasis-related genes, and include the pcoABCDRSE system in Escherichia coli and copABCDRS and related systems in plant-pathogenic Pseudomonas syringae and Xanthomonas arboricola (Brown et al., 1995; GutierrezBarranquero et al., 2013; Lee et al., 1994) . To our knowledge, there is only one report of copper tolerance in Ea (Al-Daoude et al., 2009) , involving strains isolated in Syria, although the genetic basis of tolerance is unknown. We have shown previously that copper excess constitutes a stress factor for Ea, both in vitro (Ordax et al., 2006) and in vivo, in the calyx of mature apples (Ordax et al., 2009) . In this study, in order to analyse changes in the gene expression profile of Ea in response to copper shock, oligonucleotide transcriptome microarray analyses were performed. Selected, differentially expressed genes were subjected to mutational analysis to reveal whether their gene products played a role in the alleviation of copper stress. Moreover, we also demonstrated that copA is transcriptionally regulated by copper and plays an important role in survival following copper stress both in vitro and in vivo.
RESULTS

Minimal inhibitory concentration (MIC) for copper sulfate
Casitone yeast extract (CYE) medium, a low-nutrient minimal medium, was used to assay the MIC of Ea strain Ea1189 for copper sulfate, as this medium exhibits almost no copper binding ability, whereas c. 60% of the added copper was bound by medium components in Luria-Bertani (LB) and King's B (KB) media (data not shown). None of the assayed strains was able to grow in CYE containing 1 mM CuSO 4 , and therefore, the MIC was established at 1.0 mM.
General characteristics of the Ea strain Ea1189 transcriptome in response to copper shock
We used Ea strain Ea1189 (Burse et al., 2004) in these studies because we have extensively characterized the genetics of virulence of this strain (Edmunds et al., 2013; Lee et al., 2016; Triplett et al., 2009; Zeng and Sundin, 2014) and it is relatively easy to construct gene deletion mutants in this strain compared with other Ea strains with which we have worked previously. Although the genome sequence of strain Ea1189 is not currently known, microarray gene regulation analyses using this strain have been conducted previously (McNally et al., 2012; Wang et al., 2012) . In addition, comparative genome analysis has shown that genomes of Spiraeoideae-infecting Ea strains are 99.99% identical at the nucleotide sequence level and there are few examples of differences in gene content among them (Mann et al., 2012) , suggesting that the microarray used would successfully interrogate the Ea1189 genome.
A two-colour, whole-genome microarray approach was used to identify differentially regulated genes after exposure to copper. The analysis of the results of the first experiment revealed 79 induced and 46 repressed genes. In the second experiment, 85 genes were induced and 120 were repressed. The levels of increase in gene expression observed for all genes identified as induced was low (less than two-fold). The combined analysis of the two experiments as a group (six microarrays) resulted in the identification of 44 genes, of the 3500 chromosomal genes included in the oligonucleotide microarray, that were differentially expressed after copper shock (Table 1 ). The main criteria for final gene identification was differential expression in each experiment and expression consistently induced or repressed in all biological replicates.
Within the transport-related genes, we observed the copA gene encoding a Cu 1 -translocating P-type ATPase (Rensing et al., 2000) , yjcE encoding an Na 1 /H 1 exchanger, two inner membrane proteins YdhC and YfcA, smdB encoding a multidrug efflux pump ABC, and ompW encoding an outer membrane protein. Within the stress-related genes, we found the major transcriptional regulator soxS and the gene dfoA involved in desferrioxamine biosynthesis, both related to copper stress in other bacterial models (Dupont et al., 2011) . Three other up-regulated genes were ppc (phosphoenolpyruvate carboxylase), cheA (chemotaxis sensor) and EAM_3468 encoding a putative phage holin. Six additional upregulated genes were not classified in any functional category and were annotated as hypothetical or conserved hypothetical protein, such as ygcF and yhhQ (Table 1) . Following the initial premise of identifying genes with a reliable and specific change in their expression levels, we focused our attention primarily on the 23 genes showing increased expression after copper shock (Table 1) , most classified in the above-described functional categories of transport and stress.
Quantitative real-time polymerase chain reaction (PCR) confirmation of changes in the mRNA levels of copper differentially expressed genes
To validate the differential gene expression initially observed in the microarray assays, the expression of 25 selected genes was monitored by a specific and independent technology, quantitative real-time PCR, after normalization of RNAs according to 16S rRNA levels ( Fig. 1) . Surprisingly, copA was the most highly induced gene on exposure to copper, reaching a fold change of 19.34, whereas the rest of the up-regulated genes exhibited a fold change in the range 1-4. Two of the 25 evaluated genes were down-regulated in response to copper. Eight induced genes were arbitrarily selected for further genetic analyses. Obtained with P 0.05.
Transcriptional response of E. amylovora to copper
The copA gene was strongly induced and transcriptionally regulated in a finely tuned manner by copper
As a result of the very high induction of copA by copper compared with the other activated genes, the regulation of copA expression on copper exposure at different external concentrations was evaluated. A challenge with increasing copper concentrations showed that relative copA expression increased as soon as the external copper level increased, and a continued progressive rise in expression was observed with higher copper concentrations (Fig. 2) . These results indicate that the expression of copA is transcriptionally regulated by copper.
Inactivation of candidate genes and evaluation of copper sensitivity
To investigate the functional importance of individual genes identified as up-regulated in Ea strain Ea1189 following copper shock, eight up-regulated genes were selected for mutagenesis to study their actual role in copper tolerance. A copper concentration of 10 mM was chosen to assay the copper sensitivity of the mutants, as the cell survival of the Ea1189 wild-type strain was significantly reduced by concentrations greater than 10 mM (Fig. 3A) . As shown in Fig. 3B , copA, soxS, arcB, yjcE, ygcF, yhhQ, galF and EAM_3469 mutations significantly reduced survival from four to up to seven orders of magnitude compared with controls with no copper exposure.
The copA gene in Ea is required for copper tolerance in vitro and in planta
As a result of its high expression level in the presence of copper, coupled with its demonstrated role in copper tolerance in vitro, we decided to further investigate whether copA also plays a role in Fig. 1 Relative expression of 25 differentially expressed genes in Erwinia amylovora after a shock exposure to 0.5 mM CuSO 4 for 5 min. Stars labelling specific genes denote genes that were chosen for deletion mutagenesis. shaking. Subsequently, the culture was divided into equal aliquots, and each was treated with CuSO 4 (0.005-0.5 mM) for 5 min. Relative gene expression was measured as described in Experimental procedures.
copper tolerance in planta. First, the copA open reading frame (ORF), as well as the upstream promoter region, was amplified by PCR and cloned into pBBR1, generating pCopA (Table S1 , see Supporting Information). This construct was then introduced into the Ea1189DcopA mutant by conjugation, generating strain Ea1189DcopA/pCopA. The population of the mutant strain Ea1189DcopA was six orders of magnitude lower after copper shock, and the cloned copA gene restored almost completely the survival of the mutant (Fig. 4A) . Second, we investigated whether the copA gene confers copper resistance to its corresponding mutant in planta in detached pear shoot inoculation assays. Although the survival of the DcopA mutant without copper treatment was slightly lower than that of the wild-type (Fig. 4B) , the trend of both curves through time was not significantly different (P 5 0.12). Interestingly, when the cloned copA gene was inserted in the mutant, the numbers of culturable cells was only partially recovered to levels of the wild-type (Fig.  4B) . Then, the effect of copper was comparatively evaluated in the three bacterial populations: the wild type, the DcopA mutant and the mutant complemented with the copA gene. As shown in Fig. 4B , copper affected both mutant and wild-type strains, but this effect was more drastic for the mutant. Thus, after 2 h of copper exposure, populations of the wild-type were decreased by almost two orders of magnitude and were maintained at this level until the end of the experiment. With regard to the mutant strain, significant differences in survival were observed with respect to the wild-type strain at 29 h after copper exposure (P 5 0.009), with a decrease of about four orders of magnitude from the time of inoculation. This difference in survival between the wild-type and DcopA mutant was eliminated on introduction of the cloned copA gene. Although this restoration was only partial, as occurred in in vitro assays, the survival of the wild-type and complemented mutant was not significantly different (P 5 0.25) through time. These results clearly demonstrate a role of copA in cell survival in the presence of copper in planta.
DISCUSSION
Copper-based bactericides have been used extensively to control fire blight disease but, as far as we are aware, the transcriptional response of Ea on copper shock has not been studied to date. To reveal the entire system of Ea genome-wide response to external copper, we first carried out a systematic search for copperresponsive genes using DNA microarray technology. Copper shock activated the expression of 23 genes of Ea, with c. 50% of the induced genes classified into the categories of transport (yjcE, smdB, gltI, ydhC, oppA, yfcA and EAM_2748) and stress (tatC, tufA, dfoA, rimL, apt, galF and soxS), but also into metabolism (ppc), movement (cheA) and programmed cell death (EAM_3469).
Six genes (EAM_0537, EAM_2645, ygcF, EAM_2818, yhhQ and EAM_3421) were unclassified. A similar transcriptional assay has been conducted previously for the model bacterium E. coli (Yamamoto and Ishihama, 2005) , and 30 copper shock-activated genes were identified and classified into their putative regulons: five genes were classified into the CusR regulon, six into the CueR regulon, 11 into the CpxR regulon and another eight genes remained unclassified. This previous study concluded that the copper stimulon is formed by the activated genes under the control of at least four regulons, CueR, CusR, CpxR and YedW, in a hierarchical regulation network to maintain copper homeostasis. Most of the genes identified in our study differ from those identified in the E. coli copper shock microarray study (Yamamoto and Ishihama, 2005) . In the E. coli study, mRNA was isolated from log-phase cells 5 min after copper shock; although we also isolated mRNA 5 min after copper shock, the Ea cells were in the early stationary phase. This difference may have contributed to differences in the gene expression observed. In addition, rapid cycling in gene expression was observed in E. coli over a 30-min period after copper shock, and the growth phase of the cells may be critical to these gene expression observations (Yamamoto and Ishihama, 2005) . However, both our current study with Ea and the previous study with E. coli include the hitherto identified copA gene, encoding a Cu 1 -translocating P-type ATPase pump that exports copper from the cytoplasm to the periplasm, which is directly involved in the maintenance of copper homeostasis in E. coli (Rensing et al., 2000; Yamamoto and Ishihama, 2005) . In addition to copA, the transcription factor for the superoxide response regulon SoxS was also activated by copper (Pletzer et al., 2014; Yamamoto and Ishihama, 2005). We observed some differences in gene expression between the microarray results and quantitative real-time PCR for a few of the genes examined, most notably copA. Again, these differences could be caused by rapid cycling in the gene expression response and possible subtle, unintentional differences in the timing of RNA extractions following copper shock between the microarray and quantitative real-time PCR experiments. In another study with E. coli, for example, the copA gene was induced within 1 min after copper shock, but the expression levels returned to pre-stress levels within minutes (Thieme et al., 2008) . A recent phylogenomic study has revealed that the genomes of two Ea strains (ATCC 49946 and TAX552) encode at least three periplasmic proteins involved in copper homeostasis: CopA, CueO and an orphan CusC (Hern andez-Montes et al., 2012). Whilst CopA pumps out excess copper from the cytoplasm to the periplasm, CueO oxidizes Cu 1 to Cu 21 in the periplasm, thereby reducing the concentration of the more toxic Cu 1 ion (Grass and Rensing, 2001 ). Under anaerobic conditions in E. coli, the twocomponent regulatory system CusSR activates the transcription of the cusCBAF operon which encodes for a complex that pumps Cu 1 from the cytoplasm directly to the extracellular space (Grass and Rensing, 2001 ). In most bacteria, including E. coli, this complex consists of the inner membrane pump CusA, the periplasmic protein CusB and the outer membrane protein CusC forming a channel through the periplasm (Hern andez-Montes et al., 2012). In the genome of Ea, only an orphan cusC gene is present but, surprisingly, it is located in an operon together with two other putative multidrug efflux transporter genes emrB and emrA. Thus, it is possible that they may form another complex pump also dedicated to extrude Cu 1 directly from the cytoplasm to the external space, as in the cusCBAF system. However, as we did not observe an up-regulation of either emrB or emrA, these multidrug efflux transporter genes may not respond to copper. Expression analyses clearly show that the copA gene is not only remarkably induced by copper, but also regulated in a finely tuned manner. Although Cu 21 is added to the medium, it is reasonable to assume that it is reduced to Cu 1 intracellularly, and that Cu 1 is the actual inducer (Rensing et al., 2000) . Three lines of evidence suggest that the expression of copA is transcriptionally regulated by copper through the transcriptional regulator CueR. First, sequence analysis outward from the copA gene revealed that, in Ea strain Ea1189, both genes are contiguous in the same locus, and they are transcribed in opposite directions (Fig. S1 , see Supporting Information). Second, CueR activates the transcription of copA in the presence of copper ion in E. coli (Outten et al., 2000) . Third, the CueR binding site, including the CueRbox sequences, in which the Cu 1 -CueR transcriptional factor binds to the copA promoter in E. coli, are known (Yamamoto and Ishihama, 2005) . Sequence analysis revealed that the copA promoter of Ea strain Ea1189 contains the CueR-box consensus sequence, including the inverted repeat with just one mismatch (Fig. S2 , see Supporting Information).
The results indicate that other differentially expressed genes classified into the transport family may also be involved, directly or indirectly, in the maintenance of copper homeostasis in Ea. Indeed, the ydhC and smdB genes, belonging to the drug resistance efflux transporter family, and the transmembrane protein YfcA might act to help detoxify the cytoplasm from the copper ion effect. Further gene disruption studies will be required to demonstrate their actual role in copper tolerance in Ea.
In addition to the maintenance of copper homeostasis, bacteria must also overcome its toxic effect (Dupont et al., 2011) . Seven differentially expressed genes were stress related, and they may be involved, directly or indirectly, in overcoming the toxic effect of this metal in Ea. We identified three ROS-related genes that were differentially expressed after copper shock. The main pool of intracellular copper ions is located in the periplasm (Outten et al., 2001) . The high level of accumulation of ROS in the periplasm (Lemire et al., 2013; Macomber et al., 2007) may lead to their leakage into the cytosol, where they turn on the ROS defence system. A gene disruption study was performed for the AraC family DNA-binding transcriptional regulator, SoxS, and the Ea mutant was highly affected in copper tolerance, losing more than six orders of culturability. It is well known that copper sulfate is a powerful inducer of the soxRS regulon of E. coli through oxidative stress (Greenberg et al., 1990; Kimura and Nishioka, 1997 ). An intracellular redox signal activates SoxR, a superoxide response sensor protein encoded by soxR. It binds to DNA at a specific site activating the expression of the soxS gene, and the SoxS protein is a direct inducer of the target genes of the bacterial response to oxidative stress (Lushchak, 2011) . The soxS gene has been characterized in Ea elsewhere (Pletzer et al., 2014) and its regulon was identified in E. coli (Martin and Rosner, 2002) . This study shows that copper is one of the signals for the activation of the soxRS system and that some SoxRS-regulated genes of its regulon should play an important role in copper tolerance in Ea. Expression analysis and gene disruption studies with arcB have shown that the two-component regulatory system ArcAB is activated by copper and is required for copper tolerance in Ea. ArcB activates its cognate transcriptional regulator ArcA to repress genes contributing to aerobic metabolism and activates genes necessary for anaerobic metabolism (Loui et al., 2009) . Thus, in an anaerobic habitat, bacteria avoid more ROS production and, consequently, oxidative damage. This study shows that copper is one of the signals for the activation of the ArcAB system and that some ArcABregulated genes of its regulon should play an important role in copper tolerance in Ea. The yjcE gene encodes an Na (Akram et al., 2006) that an increase in intracellular superoxide anion induces the synthesis of an NHE that strongly correlates with the resistance of cells to death. Our observation that the Ea DyjcE mutant was also strongly affected after copper shock supports the hypothesis that pH homeostasis can affect copper sensitivity. Finally, to establish the biological role of copA in Ea, a gene disruption study was accomplished. The DcopA mutant was partially complemented in vitro and in planta by the addition of the copA gene with its native promoter in trans. In the Ea chromosome, copA is located adjacent to cueR, the main gene involved in copA regulation, and it is possible that the genetic context of copA may be important in this case. The 10-100 times reduction in survival of the wild-type Ea1189 in planta on treatment with copper is a typical result observed following the treatment of a copper-sensitive bacterial pathogen on plant surfaces with a copper bactericide (Garrett and Schwartz 1998; Quesada et al., 2010) . Further reductions in survival of the DcopA mutant could be a reflection of increasing availability of copper on the plant surface over time. These results suggest that the copA gene plays an important role in the survival of Ea against copper both in vitro and in planta. Collectively, our data show that Ea responds to copper shock by the overexpression of several genes related to two genetic systems: (i) the control of copper homeostasis through the expression, at least, of the copA gene; and (ii) the overcoming of copper toxicity caused by oxidative stress by the expression of at least some ROS-related genes.
EXPERIMENTAL PROCEDURES Bacterial strains and growth conditions
The bacterial strains and plasmids used in this study are listed in Table S1 . All bacterial strains were cultured in LB broth at 28 C in a shaking incubator at 200 rpm unless otherwise noted. When appropriate, media were supplemented with 100 lg/mL ampicillin, 20 lg/mL chloramphenicol or 30 lg/mL kanamycin.
MIC of copper
The free copper ion binding abilities of CYE medium (Zevenhuizen et al., 1979) , LB and KB (King et al., 1954) were tested using Copper Test MQuant TM strips (Merck, Darmstadt, Germany) which provide a semiquantitative measure of Cu 1 and Cu 21 ion concentrations. Then, 10 lL of a bacterial suspension of the Ea strain [1 3 10 8 colony-forming units (CFU) mL] were spotted on the selected media (CYE agar and KB media) containing CuSO 4 at different concentrations from 0 to 4 mM, and the plates were incubated at 26 C for 48 h.
Erwinia amylovora microarrays
An oligonucleotide microarray designed at the James Hutton Institute (JHI, Aberdeen, UK) and synthesized by Agilent Technologies, Inc. (Palo Alto, CA, USA), which contains 3483 target sequences (annotated genes and pseudogenes) of the Ea ATCC 49946 chromosomal genome (accession NC_013971.1; Sebaihia et al., 2010) , in a design on a single 8 3 15k format slide, was used (McNally et al., 2012; Wang et al., 2012) . Microarray slides contained triplicates of each gene-specific oligonucleotide printed in a random pattern. Two independent experiments were performed with a total of six technical replicates.
Experimental set-up for the preparation of samples for microarray hybridization
Ea strain Ea1189 was grown for 16 h in LB broth at 28 8C to a density of approximately 10 9 CFU mL in a shaking incubator, and the culture was then divided into two fractions. One fraction was copper shock challenged by exposure to 0.5 mM CuSO 4 for 5 min, whereas the other was used as a control. Cells were harvested, washed with phosphate-buffered saline (PBS) and treated with RNAprotect (Qiagen, Valencia, CA, USA). Total RNA was extracted using the SV Total RNA Isolation System (Promega, Madison, WI, USA), and quantified using a NanoDrop spectrophotometer. NanoDrop Technologies, Inc., Wilmington, DE, USA. The RNA preparations were quality checked using an RNA 6000 Nano Kit on a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Fluorescent labelling of total RNA was performed as described by Venkatesh et al. (2006) . The design incorporated a dye swap and balanced labelling of all samples. Levels and efficiencies of labelling were estimated using a NanoDrop spectrophotometer. Microarray hybridization, washing and scanning were performed at the JHI Sequencing and Microarray Facility, as described previously (Stushnoff et al., 2010) . Microarray images were imported into Agilent Feature Extraction (FE) (v.9.5.3) software and aligned with the appropriate array grid template file (021826_D_F_20081029). Intensity data and quality control (QC) metrics were extracted using the recommended FE protocol (GE2-v5_95_Feb07). Entire FE datasets for each array were loaded into GeneSpring (v.7.3) software for further analysis.
Microarray data analysis
Data were normalized using default settings for two-channel arrays and were transformed to account for dye swaps, and data from each array were normalized according to McNally et al. (2012) using the Lowess algorithm to minimize differences in dye incorporation efficiency. Unreliable data flagged as absent in all replicate samples by the FE software were discarded. Gene lists were generated from combined replicate datasets for each time point using volcano plot filtering (fold change ratio of 1.1 times for up-regulated and 1 times for down-regulated; Student's t-test, P < 0.05). In each experiment, technical replicates were analysed individually. A gene was classified as differentially expressed when it was present in at least one technical replicate of both independent experiments and not in opposite expression in any other replicate. Genes differentially expressed in both experiments were selected for further analysis. Functional classification of the differentially expressed genes was based on gene ontology using GPRO v1.1.0 software.
Validation of differentially expressed genes by quantitative real-time PCR
Gene expression was measured by real-time PCR performed in triplicate using new RNA samples taken from cultures of strain Ea1189 treated with copper, as described above for the microarray hybridization assays. RNA was extracted as described above and, after its quality had been confirmed, was transcribed to cDNA using SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. An optimization of the real-time PCR was set up first using the 16S rDNA gene as an internal control at the melting temperature of each primer, employing iQ Sybr Green Supermix (Bio-Rad, Hercules, CA, USA). Primers were designed using Primer Express 3.0 (Applied Biosystems) and the sequences are listed in Table S2A (see Supporting Information). All reactions were conducted with a real-time PCR System iQ5 (Bio-Rad) and amplification was carried out with one cycle at 95 8C for 5 min, followed by 40 cycles of denaturation at 95 8C for 30 s and annealing at 63 8C for 30 s. Non-specific primer activity was monitored using a dissociation curve and the resulting threshold cycles (C T ) were determined using Bio-Rad iQ5 Software 2.1 (Bio-Rad). The 16S rDNA gene was used as an endogenous control. C T data were analysed quantitatively via the comparative C T method to generate relative fold change values between wild-type and mutant strains. Each quantitative real-time PCR analysis was performed in triplicate.
In addition, evaluation of the expression of the copA gene after different copper shocks was performed as follows. Ea strain Ea1189 was grown at 28 8C for 16 h in LB broth with shaking. Then, aliquots of 10 mL were subjected to copper shock with different copper sulfate concentrations ranging from 0.005 to 0.5 mM for 5 min in a rocking shaker, with one fraction used as an untreated control (not copper challenged). A volume of 1 mL of each culture was treated with 2 mL of RNAprotect (Qiagen) and total RNA was extracted using the miRNeasy Mini kit (Qiagen) with an on-column RNAse-free DNAse treatment (Qiagen). cDNA was synthesized from 1 mg of purified RNA using TaqMan reverse transcription reagents (Applied Biosystems), according to the manufacturer's protocol. Quantitative real-time PCR was used to determine the relative expression levels of copA after induction with the different treatments; the 16S rDNA gene was used as an endogenous control. Quantitative real-time PCR was performed on a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories) with the SYBRV R Green PCR Master Mix (Applied Biosystems). Efficiencies for each primer set were obtained from a standard curve using a 10-fold dilution series up to 10 6 of one cDNA sample of the untreated control at the melting temperature of the copA primer. Primers of copA and 16S rDNA genes were the same as those used for validation expression after microarray assay and the sequences are listed in Table S2A . Optimization of the primer concentration was carried out by quantitative real-time PCR using combinations of different primer concentrations (50, 300 and 900 nM) and the undiluted cDNA sample of the untreated wildtype strain. The optimal concentration was selected as the combination with the lowest C T value. The thermal cycling conditions were one cycle at 95 8C for 5 min, followed by 40 cycles of denaturation at 95 8C for 30 s and annealing at 63 8C for 30 s. Each biological replicate was run in triplicate. Melting curves were generated to evaluate primer specificity and to rule out primer dimer formation. C T values were analysed quantitatively via the comparative cycle threshold (DDC T ) method (Pffafl, 2001) 
DNA manipulation and mutant construction
Standard recombinant DNA techniques were used as described by Sambrook et al. (2000) to create complemented mutants. Recombinant plasmids were introduced into E. coli by electroporation and into Ea1189 strains by bi-parental cross-streak mating using E. coli S17-1 (Simon et al., 1983) harbouring the plasmid of interest as the conjugative donor (Abarca-Grau et al., 2012) . To construct specific mutants in the Ea1189 strain, non-polar chromosomal mutations were generated using the phage k red recombinase system described previously (Datsenko and Wanner, 2000; McNally et al., 2012; Zhao et al., 2009) . Single-gene recombinatorial deletions were confirmed by PCR using the primers described in Table  S2B .
copA gene cloning
A fragment of 2703 bp containing the copA gene was obtained by PCR amplification of genomic DNA from strain Ea1189 using a specifically designed primer set (see Table S2B ) and cloned between the XbaI and SacI sites of the broad-host-range vector pBBR1-MCS-2 (Kovach et al., 1995) . This fragment contains the copA ORF (2508 bp) and the entire promoter region of the gene.
Assessment of mutant phenotypes
Copper tolerance in vitro
Strain Ea1189, at culture densities of approximately 10 9 CFU/mL, was subjected to copper shock for 5 min with different copper sulfate concentrations in LB broth ranging from 0.5 to 50 mM to determine the maximal copper concentration that did not affect survival. Then, the determined concentration that did not affect survival (10 mM) of the wild-type was used to test the survival of selected mutants. All experiments were performed twice.
Copper tolerance in planta
Freshly detached pear shoots (cv. Conference) from trees grown in a glasshouse were inoculated by immersion with a suspension of c. 10 9 CFU/mL, and potted in agar. Next, 4 mL of a solution of copper at 10 mM was sprayed on them. At different times, one leaf was sampled and two square pieces of approximately 1 cm 2 each were excised with a sterile scalpel. The leaf pieces were crushed in 1 mL of 0.5 3 PBS and shaken for 2 min at 1200 rpm. Then, viable cell counts were determined by plating appropriate serial dilutions on LB medium, followed by incubation at 26 C. CFU counts were performed after 48 h. All experiments were performed twice. Data were statistically analysed using a generalized mixed model technique (McCulloch and Searle, 2001 ) with a P value significance threshold of 0.05, where shoots nested in experiment was a random effect, whereas the rest of the factors were considered as fixed.
Table S1
Bacterial strains and plasmids used in this study. Table S2 Primer sequences used in this study. Fig. S1 Genetic structure of the copA locus of Erwinia amylovora. Sequence analysis outward from the copA gene was performed using the reverse copA primer 5 0 -ctgacttccgcctgctcc-3 0 with genomic DNA from strain Ea1189. 
